The calibration of the transresistance gain of low-current dc amplifiers can be performed with the capacitance-charging method, where the calibration current is generated by a calibrated voltage ramp applied to a reference capacitor. The method is typically implemented with a purposely-built voltage source having a very low-frequency trapezoidal periodic waveform output. Here we propose a variation of the method based on a sinusoidal excitation, that can be provided by a commercial oscillator and therefore more easily implemented. Sampled sinusoidal input and output are processed with a seven-parameter sine-fitting algorithm. The comparison between calibration with sinusoidal and trapezoidal excitations is ongoing and will be presented at the Conference.
Introduction
In the following, we present a calibration system for lowcurrent transresistance amplifier based on the capacitancecharging method [1] [2] [3] [4] [5] . The calibrating current is the displacement current of a a gas-dielectric capacitor C generated by a time-varying voltage v(t). The nominal currents generated are typically in the range 100 fA to 100 pA, with uncertainties down to parts in 10 5 . Typically, the v(t) chosen waveform has a trapezoidal shape, composed of two linear ramps and two constant voltage sections: hence, a periodic sequence of constant current values +I, 0, −I, 0,... is available as source output.
The capacitance-charging method is employed for the calibration of low-current meters [1] [2] [3] [4] , where the quantity being calibrated is the (adimensional) gain, close to unity, of the displayed current reading versus the excitation current. Recently, we proposed an implementation of the method for the calibration of low-current amplifiers [5] , where the quantity to be calibrated was the transresistance gain R expressed in Ω.
An inconvienience of the choice of the trapezoidal-shaped waveform for v(t) is that it requires a voltage source realized for purpose, since commercial generators are not available.
We here propose a variation of our calibration setup for transresistance amplifiers [5] that employs a low-frequency Figure 1 . Principle schematics of the capacitance-charging method. The test current i(t) is generated by the application of a voltage v in (t) to a capacitor C; the amplifier A under calibration, having transresistance R, outputs the voltage v out (t).
sinusoidal waveform v(t), generated by a commercial source. The signals involved are asynchronously sampled by two multimeters. The new setup, not employing purposely-built instrumentation, can be easily replicated in electronic or physics laboratories which require accurate measurement of low currents, such as those working on single-electron experiments (see e.g. [6, 7] ).
The capacitance-charging method
In the capacitance-charging method (see Fig. 1 ) a voltage v in (t) is applied to a capacitor C to generate a current
Assuming a sinewave excitation v in (t) described by a voltage phasor V in = A in + jB in , in the linear response approximation the output v out (t) can be written as
is the complex transimpedance of A at the angular frequency ω, and τ is its time constant. Because of (1),
Under the assumption of a very slow excitation ωτ 1, we can approximate Z(ω) = R(ω = 0), and Figure 2 . Schematic diagram of the calibration setup. G is the voltage generator, C is the injection capacitor, and A is the transresistance amplifier to be calibrated. V in and V out are the multimeters that sample the voltages v in (t) and v out (t); they are both triggered by the same timebase T. 
Calibration setup
The schematic diagram of the implementation proposed is displayed in Fig. 2 . The generator G outputs the sinewave voltage v in , which is applied to the two-port capacitor C and measured by the sampling voltmeter V in .
The amplifier A under calibration outputs v out , which is sampled by the voltmeter V out . The samples from v in and v out are synchronized by the trigger signal generated by a precision timebase T, but are not synchronous with the period of v in . The samples are are acquired and stored using an interface bus IEEE-488. Fig. 3 shows a picture of the calibration setup. The circuit is coaxial to minimize interferences. C is directly connected to A, without any cable, in order to reduce possible dielectric absorption caused by cables. 
Instrumentation
The present implementation, under development, employs for G a commercial Agilent mod. 33500B. The capacitors C available are in the range C nom =1 pF to 1000 pF, with a gas dielectric to avoid dielectric absorption phenomena typical of solid-dielectric capacitors [9] . V in is a multimeter Agilent mod. 3458A, while V out is a multimeter Agilent mod. 34401A. Both instruments are in the dc sampling, external trigger mode; autozero and autorange functions are disabled. The quartz timebase T has a frequency of ≈950 mHz.
The results reported in Sec. 4 refer to a transresistance amplifier FEMTO mod. DDPCA-300, often employed in experiments with single-electron devices [6, 7] . This instrument has a manually-switchable nominal transresistance gain R nom in the range 10 kΩ-10 TΩ; the specified R nom accuracy is ±1 %. The instrument allows input capacitances up to 1 nF. The amplifier has a voltage output span of ±10 V and three different lowpass output filter configurations: the measurements here reported are obtained with a cut-off frequency of 400 Hz.
Results and discussion
The test results here reported refer to a calibration of the nominal gain R nom = 10 GΩ of A. The sinewave input voltage v in (t) had a peak-to-peak amplitude of 10 V and a frequency of ≈3 mHz. An acquisition lasts about 5 waveform periods, corresponding to a duration of 15 min.
The v in and v out sinewaves are identified by sine-fitting. The algorithm employed [10] allows to estimate the seven parameters of two sampled sinewave signals with arbitrary amplitude and phase and possible dc offset, with the same frequency:
The parameters identified by the fitting allow to calculate R with Eq. (3).
An example of data acquisition and processing is reported in Fig. 4 .
Conclusions
The use of a low-frequency sinewave signal in the implementation of the capacitance-charging method allows to employ commercial instrumentation in the setup, which can thus be easily replicated. The measurement are performed in the same way of setups based on a trapezoidal-wave source, but require a different data treatment, here based on sine-fitting techniques.
The setup is presently being optimized to reduce distortion effects (that can be appreciated in Fig. 4) , by peforming calibration experiments on different current values and amplifier ranges. A preliminary analysis shows that, for the particular amplifier model being calibrated, the effects of the amplifier nonzero input impedance and limited bandwidth can be considered negligible for the measurement frequency here employed. A more complete analysis of these effects will be reported at the Conference.
